Abstract. The internal structure of a river embankment must be delineated as part of investigations to evaluate its safety. Geophysical methods can be most effective means for that purpose, if they are used together with geotechnical methods such as the cone penetration test (CPT) and drilling. Since the dyke body and subsoil in general consist of material with a wide range of grain size, the properties and stratification of the soil must be accurately estimated to predict the mechanical stability and water infiltration in the river embankment. The strength and water content of the levee soil are also parameters required for such prediction. These parameters are usually estimated from CPT data, drilled core samples and laboratory tests. In this study we attempt to utilise geophysical data to estimate these parameters more effectively for very long river embankments. S-wave velocity and resistivity of the levee soils obtained with geophysical surveys are used to classify the soils. The classification is based on a physical soil model, called the unconsolidated sand model. Using this model, a soil profile along the river embankment is constructed from S-wave velocity and resistivity profiles. The soil profile thus obtained has been verified by geotechnical logs, which proves its usefulness for investigation of a river embankment.
Introduction
In Japan recent localised torrential rainfall events have often caused serious damage to river embankments, as seen in the Maruyama River flood in 2004. They have brought much public attention to the present state of river embankments, and to their investigation for safety evaluation and strengthening. In such investigations the internal structure of the earthen embankments must be delineated for further analyses. Geophysical methods can be one of the most effective tools for that purpose because of their quick and non-destructive subsurface profiling capability (Asch et al., 2008; Inazaki et al., 2008; Niederleithinger et al., 2008) .
River embankments are usually artificial constructions, which may have been built up from individual dykes over periods of hundreds of years. Because the dyke body and subsoil in general consist of materials with a wide range of grain size, which is one of the major controlling parameters of mechanical and hydrogeological characteristics of the river embankment, the properties and stratification of the soil must be accurately estimated to predict the mechanical stability of the embankment and water infiltration in it. The strength and water content of the levee soil making up each dyke are also parameters required for such prediction. These parameters are usually estimated from cone penetration test (CPT) data, drilled core samples, and laboratory tests. These point-based measurements, in general, cannot be conducted at many locations due to economic and time constraints. Geophysical methods can interpolate between such measurements at discrete locations. If the properties and stratification of the soil can be estimated from geophysical data together with CPT and drilling data, soil profiling of an entire length of the river embankment can be very effectively conducted.
We, therefore, have tried to develop an interpretation technique for geophysical data, combined with CPT and drilling data, to produce profiles of the stratification of properties of the levee soil. In this paper, we describe this method of soil profiling, using S-wave velocity and resistivity data and a soil physical model, and present an actual field example of a soil profile of a river embankment using the data obtained in experimental geophysical surveys at the Uji River in Kyoto Prefecture, Japan.
Experimental field data at the Uji River
In the experimental surveys at the Uji River, we profiled the 9 m high and 500 m long dyke body and underlying subsoil with several geophysical methods in order to evaluate the applicability of each method and their integration to river embankment investigation (Yamamoto et al., 2008) . Geophysical methods tested were the seismic reflection and surface wave methods, electrical and electromagnetic methods and the continuous and pulse wave type ground penetrating radars. Among them, S-wave velocity profiling with the seismic surface wave method (Hayashi and Suzuki, 2004) and resistivity profiling with the capacitivelycoupled resistivity method (Groom et al., 2009 ) are used for soil profiling in this study, because S-wave velocity and resistivity are strongly related to the strength and grain size of the levee soil, respectively. Figure 1 shows these two profiles as well as the geotechnical data acquired at the same time. In this embankment, three portions have been excavated and later back-filled in the past, to build and remove water gates across the dyke body. The location of the reclaimed portions, as well as geologically estimated soil layer boundaries, is overlain on the profiles in this figure.
The geotechnical data are employed for soil physical modelling and verifying geophysical data, and include the radioisotope (RI) cone penetration test, Swedish weight sounding, and drilling, with the standard penetration test. The RI cone consists of three probes, which are a mechanical probe measuring cone resistance, friction, and pore pressure, a density probe measuring soil density, and a neutron probe measuring water content of soil (Shibata et al., 1992) . The cone resistance can be converted to the 'N-value', which is strongly related to S-wave velocity, and density is used to estimate porosity of soil. The converted N-value and porosity thus obtained are used for soil physical modelling as described below. In this experiment, the RI cone test data were acquired at four different locations along the geophysical measurement line on the top of the dyke. The converted N-value and porosity logs are shown in Figure 2 . These logs were acquired through the 9 m high dyke body, except in the uppermost part (0-2 m) that has been artificially consolidated. It is seen that the data for the upper 2-5 m, consisting of clayey sand, and the lower 6-9 m, of sand, show clear difference in both properties, due probably to change of soil stratification. Fig. 1 . S-wave velocity (top) and resistivity (middle) profiles along the 500 m long river embankment used in this study. Geotechnical logs obtained by four RI cone tests and six Swedish weight soundings, as well as three N-value logs from standard penetration tests, are also shown at the bottom. A sketch of the reclaimed portions and geologically estimated soil layer boundaries is overlain on these profiles.
Levee soil modelling
Several soil physical models for granular materials have been proposed to represent unconsolidated sand/clay mixtures (for example, Marion et al., 1992) . These can possibly be used to model soft soils. In this study, we tried to use the unconsolidated sand model (the friable sand model) (Avseth et al., 2005) to model the soils of the river embankment because this model has been often used for modelling shallow marine sediments or soft sedimentary rocks. The model schematically illustrated in Figure 3 represents poorly sorted sands with clay particles deposited in the pore space. The additional clay decreases the porosity and slightly increases the stiffness of the sand.
Unconsolidated sand model (Friable sand model)
Following Dvorkin et al. (2002) , we describe how to determine the model parameters of the unconsolidated sand model as below.
In modelling the bulk (K dry ) and shear (G dry ) moduli of dry soil with porosity () are first estimated with the Hashin-Shtrikman lower bound (Hashin and Shtrikman, 1963) given as
where
are the bulk and shear moduli, respectively, of the sand/clay mixture at the critical porosity of 0 in the Hertz-Mindlin model (Mavko et al., 2009) . K s , G s and n s are the bulk and shear moduli and Poisson's ratio of the mixture itself, respectively, P is the confining pressure and n is the coordination number. The bulk and shear moduli of the mixture itself are defined by the Voigt-ReussHill average of those for sand and clay (Mavko et al., 2009) as
where C is the clay content, and K sand and G sand are the bulk and shear moduli of the sand, and K clay and G clay are those of the clay, respectively. Once the bulk and shear moduli of the dry soil are determined as above, those of saturated soil are given by the Gassmann's equation (Mavko et al., 2009) as
where K f is the bulk modulus of pore fluid (water). As the shear modulus is in general unchanged by fluid saturation, the shear modulus of the saturated rock is equal to that of the dry rock. Using the moduli calculated as above, the elastic properties of the soil are derived as
where r f and r s are the densities of the pore fluid and sand/clay mixture, respectively. 
Modelling of levee soil
Since S-wave velocity is strongly related to the strength of the levee soil, S-wave velocity is employed to model the levee soil with the unconsolidated sand model in this study. The model parameters are generally determined based on a relationship between seismic velocity and porosity (Mavko et al., 2009) . In this study the optimum unconsolidated sand model is, therefore, determined first using the estimated S-wave velocity and porosity data obtained in the RI cone tests. Then the resistivity data obtained by the electrical method are incorporated into the model using a correlation of measured data of resistivity and porosity, because resistivity is one of the most sensitive geophysical parameters to the soil type and can be easily measured by using the electrical and electromagnetic methods. The S-wave velocity and resistivity diagram thus obtained is applied to soil classification for constructing a soil profile of the river embankment. This workflow is shown in Figure 4 and its details are explained below. Figure 5 shows the crossplot of N-value and porosity obtained in the RI cone tests at four different locations on the dyke body shown in Figure 1 . The N-value is converted to S-wave velocity using the correlation (Figure 6 ) of measured N-values and S-wave velocity values extracted from the S-wave velocity profile shown in Figure 1 . Figure 7 is the crossplot of the S-wave velocity thus converted versus porosity. Using equations (1) through (4), and (6), (8), and (9) for S-wave, the S-wave velocity is calculated as a function of porosity with different clay contents. The calculated curves with four clay contents (0, 30, 60 and 100%) in this case are overlain on the measured data as shown in Figure 8 . The parameters used in this model calculation are summarised in Table 1 . It is clearly seen that the calculated model curves cover the measured data range well, indicating that the unconsolidated sand model can be applied to modelling of soft soils.
In the next step, the porosity is converted to resistivity using the correlation of the measured data to obtain an S-wave velocity Crossplotting of the converted N-values versus porosities obtained with RI cone tests (Fig. 5) Estimation of Vs from N-value using the correlation of the measured data (Fig. 6) Crossplotting of Vs versus porosity to make a soil physical model (Fig. 7) Application of the unconsolidated sand model based on the Vs and porosity crossplot (Fig. 8) Estimation of resistivity from porosity using the correlation of the measured data (Fig. 9) Crossplotting of Vs versus resistivity to make the Vs-Resistivity diagram (Fig. 10) Soil classification with the Vs versus Resistivity diagram (Fig. 11) Construction of a soil profile using the Vs and resistivity profiles (Fig. 12)   Fig. 4 . Workflow for soil profiling using S-wave velocity and resistivity profile together with the radioisotope (RI) cone test data. versus resistivity crossplot. Figure 9 shows the correlation of resistivity data extracted from the resistivity profile shown in Figure 1 and porosities at the four RI cone test locations. Although the data for RI-3 have some scatter, this figure indicates that resistivity decreases as porosity decreases. As the levee soil is unsaturated (the groundwater level is around 13 m in depth at this site), it can be interpreted from the model schematically shown in Figure 3 that an increase in the proportion of clay particles with lower resistivity reduces both porosity and resistivity of the sand/clay mixture.
Using this relation, the porosity is converted to resistivity to obtain an S-wave velocity versus resistivity crossplot as shown in Figure 10 . In this figure, the data are labelled by soil type, which is identified from drilled core samples obtained in the dyke body. The soil of the dyke body at this site is classified into three types, clayey gravel, sand, and clayey sand. This figure clearly shows that the model calculation curves with different clay contents match very well with the actual soil types. It also means that this S-wave velocity-resistivity diagram can be utilised for soil classification of the river embankment.
Field example of soil profile
Based on the S-wave velocity-resistivity diagram shown in Figure 10 , the levee soil is classified into three types of soils: sand with clayey gravel, sand/clayey sand mixture, and clayey sand. In addition, the reclaimed soil has much lower resistivity than the natural levee soil. Therefore the soil whose resistivity is less than 80 W-m is classified as reclaimed, within the earlier excavations. Figure 11 shows the S-wave velocity-resistivity diagram used in the soil profiling of the embankment, in which the data are divided into four classes corresponding to each soil type.
Using this diagram, S-wave velocity and resistivity profiles shown in Figure 1 are converted to a soil profile as shown in Figure 12 . The geotechnical logs and the sketch of the reclaimed portions and the soil layer boundaries are overlain for verifying the soil profile estimated from geophysical data. The estimated soil profile clearly discriminates between reclaimed and natural soils except for the deeper part around the distance of 300 m, where the original dyke body was composed of clay, as identified in the excavation. The clay dyke body probably has very low resistivity. The estimated soil profile also delineates three distinct soil layers, each of which can be interpreted as the dyke bodies at present and in the past. 9 . Correlation of resistivity from the electrical survey and porosity of the radioisotope (RI) cone tests. Resistivity values plotted here are taken from the resistivity profile at the same positions as the porosity measurements of the RI cone tests. In this study a simple linear regression, R = 6.0*P-140 (R and P are resistivity and porosity, respectively) is used for transforming porosity to resistivity, because both data ranges are very limited. .
